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ABSTRACT 


Thirty-seven  1 -pound  spheres  of  TNT  were  individually  exploded  at  various  depths  of 
burst  in  a  sand  test  pad.  Of  these,  19  detonations  were  conducted  in  a  dry-sand  medium 
and  18  in  a  wet-sand  medium  at  comparable  depths  of  burst.  The  craters  produced  were 
accurately  surveyed  by  using  a  bridge  and  probe  assembly.  The  results  of  these  crater 
surveys  are  shown  on  topographic  maps.  In  addition  to  topographic  measurements, 
volumetric  measurements  of  the  craters,  ejecta  measurements,  and  medium  density, 
moisture  content,  and  grain  size  distributions  are  presented. 

The  experimental  procedures,  equipment,  test  area,  and  sand  medium  are  discussed  in 
detail.  The  comparison  of  crater  characteristics  of  wet-  and  dry-sand  environments  are 
discussed  and  the  results  presented  in  tables  and  graphs.  In  addition  to  the  crater  char¬ 
acteristics,  the  formation  of  intracone  structures,  shock-agglutinated  missiles,  and  the 
reduction  in  size  of  the  sand  grains  composing  the  medium  are  discussed. 
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1  INTRODUCTION 


1.1  BACKGROUND 

1.  1.  1  Lampson's  empirical  calculations  and  many  subsequent  studies  using  chemical 
and  nuclear  explosions  have  demonstrated  that  crater  size  can  be  used  as  a  criterion 
for  predicting  damage  to  existing  structures  from  ground  shock  and  ejected  debris. 

Yet,  despite  numerous  investigations  undertaken  since  World  War  II,  the  phenomenology 
of  crater  formation  by  explosive  detonation  is  not  well  understood.  To  date,  nuclear 
surface  detonations  have  been  confined  to  two  natural  media;  (1)  the  desert  alluvium 
of  the  Nevada  test  site  and  (2)  the  saturated  and  sometimes  submerged  coral  formations 
of  the  Pacific  test  site.  Cratering  experiments  using  a  chemical  explosive  have  been 
undertaken  in  various  media:  desert  alluvium,  glacial  alluvium,  weathered  soils, 
sand,  clay  and  gravel,  as  well  as  in  sedimentary,  igneous,  and  metamorphic  rock. 

1.1.2  Detailed  studies  of  crater  dimensions  obtained  from  these  tests  show  the  forma¬ 
tion  of  significantly  larger  craters  in  near-saturated  media.  One  possible  explanation 
for  this  result  is  that  wave  action  causes  erosion  and  downward  slippage  of  the  crater 
walls,  which  is  followed  by  the  filling  of  these  craters  with  sea  water;  moreover,  the 
moisture  content  and  chemical  composition  of  the  coralline  medium  may  have  also 
Influenced  the  crater  dimensions. 

1.1.3  Specific  experiments  have  not  been  performed  to  evaluate  the  effects  of  soil 
moisture  on  crater  parameters;  therefore.  Information  relating  to  the  influence  of 
moisture  content  on  explosive  crater  formation  is  scarce. 

1.2  OBJECTIVES 

The  primary  purpose  of  the  experiment  described  in  this  document  was  to  determine  the 
influence  of  moisture  content  on  the  physical  dimensions  of  explosive  craters  in  sand. 

A  secondary  objective  of  this  experiment  was  to  determine  the  amount  of  grain  size 
reduction  in  the  sand  medium  caused  by  the  detonation  of  the  explosive  charges. 
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2  EXPERIMENTAL  PROCEDURE 


2. 1  DESCRIPTION  OF  THE  EXPERIMENT 

2.  1.  1  Thirty-seven  1-pound  spheres  of  TNT  were  exploded  in  a  sand-filled  test  pit.  The 
test  area  used  for  this  experiment  is  located  in  Area  5  of  The  Boeing  Company  Tulalip  test 
site,  Marysville,  Washington.  The  experiment  was  conducted  in  two  parts:  The  first  part 
consisted  of  19  detonations  with  the  charge  placed  at  various  burial  depths  in  a  dry-sand 
medium;  the  second  part  consisted  of  18  detonations  at  similar  burial  depths  but  in  a  wet-sand 
medium.  The  burial  depths  for  charges  used  in  the  dry-sand  medium  were  0,  50.8,  76,  102, 
152,  228,  305,  381,  457,  533,  610,  686,  and  762  millimeters  below  the  surface  of  the  test 
pad.  Charges  were  also  detonated  at  50.  8  and  76  millimeters  above  the  surface  of  the  test 
pad.  Burial  depths  used  in  the  wet-sand  medium  were  50.8,  102,  228,  381,  508,  533,  and 
686  millimeters  below  the  surface  of  the  test  pad.  Additional  detonations  took  place  at  0 
and  at  50,8  millimeters  above  the  wet-sand  surface. 

2.  1. 2  For  ail  shots  in  the  dry-sand  medium,  the  moisture  content  was  less  than  0.  5  percent 
by  weight.  Maintaining  a  uniform  moisture  content  throughout  the  sand  medium  for  the  wet- 
sand  shots  proved  difficult.  Several  different  methods  were  used  in  the  attempt  to  achieve 
a  standard  and  uniform  moisture  content.  The  most  satisfactory  method  involved  wetting  the 
surface  of  the  sand  pad  with  a  fine  spray  of  water  until  the  entire  pad  and  underlying  pit  were 
saturated.  A  sump,  located  at  the  base  of  the  test  pit,  was  pumped  throughout  the  wetting 
operation,  and  the  water  level  in  the  sump  was  held  at  a  minimum.  Additional  water  was 
sprayed  on  the  test  pad  while  the  sump  was  being  emptied.  This  prevented  drying  out  of  the 
pad's  surface.  The  pump  and  water  were  turned  off  before  the  charge  was  placed  in  position 
and  armed. 

2.  1.3  The  original  surface  of  the  test  pad  was  carefully  restored  by  backfilling  the  shot 
hob  with  tamped  wet  sand.  A  small  wood  block  was  used  to  tamp  and  level  the  surface  area 
of  the  filled  shot  hole.  When  overhead  motion  pictures  were  taken,  the  shot  position  was 
marked  with  an  X  painted  on  the  restored  surface  of  wet  sand.  The  entire  operation  of 
loading  and  backfilling  the  shot  hole  required  approximately  5  minutes.  During  this  time, 
water  was  not  sprayed  on  the  surface  of  the  test  pad  not  pumped  from  the  sump. 

2. 1.4  Five  shots  of  the  wet-sand  series  (W2.  5A,  W3.  5A,  W4.  5A,  W5.  5A,  and  W6. 4A) 
were  repeated  because  of  c  hard,  impervious,  dense  horizon  and  a  pbrched  water  table  that 
formed  approximately  20  inches  below  the  surface  of  the  test  pad. 

2.2  SEQUENCE  OF  EVENTS 

2.2.  1  Field  testing  followed  the  sequence  listed  below: 

1.  Firing  site  pr’^pared  by  compacting  the  test  pad  to  a  uniform  density  and 
leveling  the  surface  of  the  pad  to  ±2  millimeters. 
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2.  Pretest  survey  made  to  establish  topographic  datum. 

3.  Debris-sampling  pads  located  and  emplaced;  geometric  patterns 
painted  on  the  test  pad  surface, 

4.  Sand  pad  wetted  and  the  sump  pit  pumped  as  required. 

5.  Test  instruments,  firing  circuits,  and  photographic  equipment  checked. 

6.  Charge  emplaced  and  burst  depth  verified.  Backfilling  accomplished 
to  maintain  a  uniform  density. 

7.  Area  evacuated. 

8.  Countdown  completed  and  charge  fired. 

9.  Firing  site  checked. 

10.  High-speed  motion-picture  equipment  removed.  Postshot  crater  photo¬ 
graphs  taken  as  required. 

11.  Postshot  crater  survey  made;  debris  samples  recovered. 

12.  Debris  samples  dried  and  weighed. 

13.  Shock-comminuted  material  removed. 

2.  2.  2  Generally,  this  sequence  of  events  required  2  or  3  days  work  to  complete  a  single 
detonation.  No  shots  were  detonated  when  prevailing  weather  conditions  could  influence 
the  validity  of  the  results.  (A  large  vinyl-coated  nylon  tarpaulin  was  used  to  cover  the  pad 
when  it  was  not  in  use.) 

2.2.3  The  usual  sequence  of  events  during  the  preparation  and  detonation  of  the  dry-sand 
series  is  shown  on  Figure  1,  Views  E  through  R.  This  sequence  was  modified  for  the  wet-sand 
series  to  include  a  wetting  and  pumping  operation  to  maintain  the  desired  moisture  content 
of  the  sand  medium. 

2.3  EXPLOSIVE 


A  1 -pound  sphere  of  TNT  was  the  explosive  device  used  in  these  experiments.  These  charges 
contained  50  grams  of  pentolite  (cap  sensitive  core)  with  a  shallow  cap  well  and  Q  concentric 
covering  of  cast  TNT.  Each  sphere  weighed  1  pound  (±5  percent)  and  developed  an  approxi¬ 
mate  energy  of  2. 09  x  10^^  ergs  when  detonated.  All  charges  were  fired  with  a  No.  8 
commercial  blasting  cap. 
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2.4  MEDIUM 


2.4.  1  All  shots  for  this  experiment  were  fired  in  well-packed,  fine-grained,  kiln-dried 
plaster  sand.  This  sand  had  the  following  grade  size  characteristics:  100  percent  smaller 
than  No,  8  screen,  98  percent  smaller  than  No.  16  screen,  66  percent  smaller  than  No.  30 
screen,  1 1  percent  smaller  than  No.  50  screen,  and  3  percent  smaller  than  No.  100  screen. 
A  cumulative  curve  for  the  sand  medium  used  in  these  experiments  is  shown  on  Figure  2. 

2.4.2  The  test  pit  sand  medium  was  compacted  to  an  approximate  uniform  density  of  1.70 
with  the  aid  of  a  Jackson  Mechanical  Compactor  capable  of  delivering  blows  of  15  psi. 

After  compaction  of  the  test  area,  the  entire  pad  area  was  leveled  to  a  plane  surface  of 

±2  millimeters.  The  compacting  and  leveling  operations  are  illustrated  on  Figure  1,  Views  E 
and  F. 

2.4.3  After  each  shot,  the  disturbed  and  powdered  sand  matrix  within  the  crater  area  was 
removed  and  replaced  with  sand  of  the  original  composition.  The  fine  powdered  sand  was 
removed  by  winnowing  the  sand  matrix  with  an  electrically  driven  blower. 

2.5  TEST  PAD 

2.5.  1  The  Tulalip  test  pad  is  a  flat  sand  surface  approximately  25  feet  square,  flanked  by 
tracks  used  to  support  the  survey  bridge.  A  firing  area  occupies  the  central  portion  of  this 
pad  and  overlays  the  pit  and  sump.  The  test  pit  Is  approximately  6  feet  thick  and  is  under¬ 
laid  by  a  gravel-filled  sump.  The  water  level  present  in  the  sump  or  test  pit  is  measured  by 
inserting  a  dip  stick  into  a  pipe  that  terminates  at  the  base  of  the  sump  pit. 

2.5.2  Extraneous  surface  water  is  kept  out  of  the  pit  by  a  6-mil  polyethylene-sheet  lining. 
Installation  of  this  liner  is  shown  on  Figure  1,  Views  A  and  B.  The  plan  and  cross-sectional 
views  of  the  test  pit  are  shown  on  Figure  3  and  the  entire  facility  is  shown  on  Figure  4. 

2.6  COLLECTION  OF  EJECTA 

2.6.  1  The  ejecta  sampling  system  used  in  these  experiments  comprised  54  stations  located 
along  12  radial  lines  that  extend  outward  from  ground  zero  and  are  spaced  30  degrees  apart. 
Individual  collecting  pads  were  located  along  these  radial  lines  at  distances  of  180,  225, 
320,  570,  and  1,070  centimeters  from  ground  zero.  Each  station  sampled  a  radial  sector  of 

5.6  degrees.  The  location  of  these  stations  is  shown  on  Figure  3,  and  the  sampling  area  of 
each  station  is  shown  on  Table  1. 
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Table  1.  Location  of  Sampling  Stations 


Concentric  Ring 

Number  of  Samples 

Distance  from 
Ground  Zero  (cm) 

Sampling 
Area  (cm^) 

1 

12 

180 

140.0 

2 

12 

225 

180.  25 

3 

12 

320 

228.0 

4 

12 

570 

498. 25 

5 

6 

1,070 

798.0 

2.7  PHOTOGRAPHIC  DOCUMENTATION 


Each  crater  was  documented  photographically.  Generally  a  high-level  and  a  ground-level 
oblique  view  were  taken  of  each  crater.  In  addition,  many  close-up  photographs  were  taken 
to  obtain  details  of  selected  features.  High-speed  motion-picture  photography  was  used  to 
document  the  sequence  of  events  during  crater  formation.  Motion-picture  film  speeds 
varied  from  3,  000  to  6,000  frames  per  second,  depending  on  prevailing  light.  Two  high¬ 
speed  cameras  were  used  to  document  the  early  history  of  crater  formation.  One  camera 
was  mounted  on  a  bracked  approximately  25  feet  above  ground  zero.  The  other  camera  was 
mounted  on  a  ground  tripod  for  a  low-level  oblique  view  of  the  detonation.  Installation  of 
the  high-speed  motion-picture  camera  and  camera  locations  are  shown  on  Figure  1,  Views 
J  and  K, 


SI 


3  MEASUREMENTS 


3. 1  TOPOGRAPHIC  MEASUREMENTS 

Topographic  measurements  were  taken  with  a  graduated  track,  bridge,  and  vertical 
probe  assembly.  These  devices  are  shown  on  Figure  1,  Views  C  and  D.  The  crater 
survey  recorded  the  postshot  relief  by  measuring  along  traverses  parallel  and  normal 
to  the  tracks.  Measurements  outside  the  crater  lip  were  made  every  100  millimeters. 
Inside  the  crater  lip,  measurements  were  often  made  every  50  or  25  millimeters, 
depending  upon  inner  crater  topography.  Postshot  elevation  values  were  recorded 
and  used  in  the  construction  of  contour  maps.  Two  crater  profiles  or  cross  sections 
were  also  constructed  by  using  survey  data.  One  of  these  profiles  was  constructed 
parallel  to  *^he  X  or  bridge  axis,  and  the  other  was  parallel  to  the  Y  or  track  axis. 
These  contour  maps  and  cross  sections  are  included  in  Appendix  C. 

3.2  VOLUMETRIC  MEASUREMENTS 

Three  methods  were  used  to  calculate  crater  volume:  (1)  calculation  of  the  volume 
of  the  solid  generated  by  revolving  the  average  radial  cross  section  about  its  axis; 

(2)  use  of  the  general  cone  formula,  l/3irr^h;  and  (3)  summation  of  the  negative 
elevation  values  measured  during  the  crater  survey.  Results  obtained  with  these 
methods  agreed  within  less  than  5  percent;  that  is,  the  largest  of  three  values  did 
not  exceed  the  minimum  by  more  than  5  percent.  The  summation  method  was  adapted 
for  calculating  crater  volume  because  of  its  simplicity  and  ease  of  use. 

3. 3  DENSITY  AND  MOISTURE  MEASUREMENTS 

The  ASTM  sand -cone  method  was  used  to  measure  the  send  density  and  moisture. 

These  measurements  were  made  after  each  shot  for  both  the  wet-  and  dry-sand  experi¬ 
ments.  Moisture  content  of  the  medium  during  the  dry-sand  series  did  not  exceed 
0.5  percent  by  weight.  Moisture  content  was  measured  for  sand  removed  from  the 
c'  arge  hole  prior  to  detonation  for  the  wet-sand  series.  Preshot  moisture  measure¬ 
ments  always  yielded  somewhat  higher  values  than  postshot  measurements  due  to 
surface  evaporation  and  downward  percolation  of  the  water  once  the  wetting  opera¬ 
tion  had  been  discontinued.  Safety  requirements  prohibited  watering  and  pumping 
operation  once  the  charge  was  placed  in  firing  position;  therefore,  an  average  of 
the  recorded  preshot  and  postshot  moisture  content  was  arbitrarily  assumed  to  be  the 
moisture  content  in  the  upper  portion  of  the  sand  matrix  at  the  time  of  detonation. 

3.4  GRAIN  SIZE  MEASUREMENTS 

Grain  size  was  measured  by  screening  the  original  sand  matrix,  fractured  sand  from 
the  apparent  crater,  and  ejected  crater  debris  collected  on  sample  trays.  Screens 
were  Tyler  standard  screen  numbers  4,  8,  10,  16,20,  30,  40,  50,  80,  100,  200, 
and  325. 


3.5  EJECTA  MEASUREMENTS 


Ejected  debris  deposited  from  180  to  1,070  centimeters  from  ground  zero  was  sampled 
by  using  the  radial  net  of  stations  shown  on  Figure  3.  The  ejected  material  deposited 
upon  sample  trays  was  dried,  weighed,  and  the  mass  recorded  in  gm/cm^.  The  debris 
deposited  between  the  crater  lip  and  180  centimeters  was  estimated  by  using  the  differ 
ence  between  the  postshot  and  preshot  topographic  survey  elevations.  This  value 
includes  debris  thickness  plus  the  crater  lip  uplift. 
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4  CHARACTERISTICS  OF  EXPLOSIVE  CRATERS 


4.1  BACKGROUND 

4.1.1  The  experimental  work  of  Lampson  (Reference  1)  and  the  analytical  work  of 
Nordyke  (Reference  2)  and  Murphey  and  Vortman  (Reference  3)  have  shown  that  craters 
produced  by  surface  and  subsurface  explosions  have  dimensions  that  depend  upon  many 
parameters.  The  most  important  of  these  factors  are  (1)  the  quantity  of  explosive 
energy  released,  (2)  the  physical  properties  of  the  medium  in  which  the  detonation 
takes  place,  and  (3)  the  burial  depth  of  the  exploding  device. 

4. 1. 2  The  crater  studies  reported  here  represent  an  effort  to  improve  our  knowledge 

of  craters  produced  by  chemical  explosives.  In  these  studies  a  1 -pound  spherical  charge 
of  TNT  was  used  as  a  standard  of  explosive  energy.  A  medium -grained  sand  matrix  of 
known  density  and  moisture  content  was  used  to  standardize  the  environment  in  which 
the  detonations  took  place.  When  the  quantity  of  energy  released  and  the  physical 
properties  of  the  medium  remain  nearly  constant,  the  effect  of  burial  depth  upon  the 
crater's  physical  dimensions  can  be  more  accurately  evaluated. 

4.2  NOMENCLATURE 

4.2. 1  The  nomenclature  of  explosive  crater  features  recommended  by  Nordyke  (Refer¬ 
ence  4)  has  been  used  in  this  report.  Similor  terms,  however,  have  been  employed  in 
the  available  literature  with  varied  meanings  and  it  seems  advisable,  therefore,  to 
define  the  terms  that  are  used  here  to  describe  the  physical  character  of  craters. 

4.2.2  Definition  of  these  terms  is  as  follows: 

1. 


2. 


3. 


4. 
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Original  ground  surfoce:  The  original  ground  surface  of  the  Tulalip 
experiments  refers  to  tbe  preshot  level  (±2  mm)  of  the  test  pad. 

Apparent  Crater;  The  apparent  crater  is  the  resulting  void  remaining 
in  the  test  pad  after  the  explosion  has  taken  place. 

True  crater;  The  true  crater  is  the  actual  crater  developed  by  ejection,  . 
scour,  and  compression  of  the  surrounding  media,  excluding  later  modi¬ 
fication  by  the  ejected  material  falling  back  into  the  crater. 

Fallback  material;  The  fallback  material  is  that  portion  of  ejecte.d 
mass  that  falls  back  Into  the  original  true  crater;  It  includes  slide  i 
material,  breccia,  ballistic  ejecta,  and  dust. 


5.  Lip  crest;  The  I  ip  crest  is  the  highesf  topographic  portion  of  the  crater  1  ip; 
it  is  always  located  outside  the  crater  and  may  be  either  sharp  or  rounded 
in  profile. 

6.  Apparent  lip  crest  height:  The  lip  crest  height  is  the  average  difference 
in  elevation  of  the  lip  crest  and  the  original  ground  surface. 

7.  Upl  ifted  ground  surface:  The  upl  ifted  ground  surface  is  that  portion  of  the 
original  ground  surface  that  has  been  uplifted  and  permanently  displaced. 

8.  Intracone  and  crater:  These  are  relatively  small  features  confined  to  crater 
bottoms  and  result  from  surface  or  above -surface  detonations.  The  Tulalip 
intracones  differed  from  previously  described  similar  features  in  that  a 
smaller  intracrater  vy^as  inside  the  cone. 

The  above  crater  nomenclature  is  diagrammed  on  Figure  5  and  is  used  throughout  this 
report. 

4.3  CRATER  CHARACTERISTICS  IN  DRY-SAND  ENVIRONMENT 


4.3. 1  Surface  bursts  on  a  dry-sand  surface  are  characterized  by  shallow  craters  with 
relatively  low  crater  lips.  Approximately  38  percent  of  the  crater  volume  is  due  to 
compression  and  uplift  of  the  sand  medium  around  the  exploding  charge;  the  remaining 
62  percent  of  the  volume  is  due  to  scour  and  ejection  of  sand  grains  from  the  crater  area. 
As  burial  depth  increases,  the  crater  becomes  somewhat  wider,  the  depth  increases 
markedly,  and  lip  crest  height  increases.  The  diameter-to-depth  ratio  of  the  apporent 
crater  decreases  rather  uniformly  to  a  value  of  approximately  4  and  remains  so  for 
moderate  burial  depths  (20  to  40  mm).  Within  this  burial  depth  range,  the  diameter 
and  depth  of  a  resulting  crater  increases  at  about  the  same  rate  as  burst  depth  does 
until  an  optimum  burst  depth  is  reached.  In  other  words,  the  optimum  burial  depth 
of  a  given  charge  will  produce  the  largest  crater  dimensions.  At  Tulalip,  the  maximum 
radius,  depth,  and  volume  occurred  at  the  same  burst  depth.  The  optimum  burst  depth 
for  a  1 -pound  sphere  of  TNT  was  approximately  38. 1  mm  in  both  wet  and  dry  sand. 

At  burial  depths  greater  than  optimum,  the  crater  diameter  increased  slowly  and  the 
crater  depth  decreased  so  that  the  ratio  of  diameter  to  depth  increased  to  a  value 
greater  than  9  for  a  76.2-mm  burst  depth.  Figure  6  shows  the  relationship  for  crater 
diameter  to  crater  depth  ratio  and  charge  burial  depth.  Shot  D5. 5A  was  detonated 
at  near-optimum  depth  for  a  1 -pound  TNT  charge  in  a  dry-sand  matrix.  Approximately 
95  percent  of  the  apparent  crater  volume  resulting  from  this  shot  can  be  attributed  to 
the  ejected  mass. 

4.3.  2  The  lip  crest  height,  iip-to-lip  diameter,  and  crater  radius  represent  average 
measurements  observed  along  the  four  principal  radii  extending  outward  from  ground 
zero.  These  four  radii  correspond  to  the  X  and  Y  directions  of  the  rectangular 
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Figure  5  Crater  Nomenclature 
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Figure  6  Crater-Diameter-to-Croter-Depth  Ratio  Versus  Charge  Depth  of  Burial 


coordinate  system  and  remained  constant  for  all  shots.  The  above  crater  parameters 
along  with  maximum  crater  depth,  maximum  crater  radius,  crater  volume,  moisture  con¬ 
tent  of  the  medium,  density  of  medium,  burial  depth  of  charge,  and  photography  used 
are  listed  in  Table  2  for  all  detonations  in  a  dry-sand  environment. 

The  relationship  of  crater  radius,  crater  depth,  and  lip  crest  height  to  the  burial  depth 
of  a  1 -pound  sphere  of  TNT  detonated  in  a  dry-sand  matrix  is  shown  on  Figure  7.  The 
plotted  measurements  of  the  average  crater  radius  and  the  maximum  depth  of  the  crater 
follow  similar  parabolic  curves.  Both  of  these  curves  have  a  common  maximum  ordinate 
at  a  38. 1 -mm  burial  depth.  This  represents  the  optimum  burial  depth  for  1 -pound 
spheres  of  TNT  detonated  in  sand. 

4.3.3  The  average  lip  crest  height  measurements  when  plotted  against  the  burst  depth 
do  net  result  in  a  parabolic  curve  similar  to  that  of  other  crater  parameters.  The  lip 
crest  height  appears  to  increase  uniformly  as  the  burial  depth  is  increased  from  -76  to 
762  mm.  The  ratio  of  lip  crest  height  to  crater  radius  appears  to  be  approximately  one- 
half  the  value  for  larger  explosive  craters.  Roberts  (Reference  5)  has  found  that  a 
reasonable  lip  crest  height  estimate  for  numerous  craters  formed  by  explosions  at 
scaled  burst  depths  of  -0.05  to  1.03  is  approximately  equal  to  0. 1  of  the  crater  radius. 

4.3.4  The  relationship  of  the  average  lip-i  Mp  diameter  and  crater  volume  to  the 
detonation  depth  is  shown  on  Figure  8.  The  rt  Iting  curves  are  similar  to  those  plotted 
for  crater  radius  and  crater  depth  versus  burial  depth.  The  maximum  ordinate  for  all 
these  curves  corresponds  to  the  optimum  burial  depth  for  a  1  -pound  TNT  charge  detonated 
in  sand. 

4.4  CHANGES  IN  GRAIN  SIZE  IN  THE  SAND  MEDIUM 

4.  4.  1  A  high-explosive  detonation  in  dry  sand  modifies  the  size  distribution  of  the 
affected  sand  medium  and  produces  an  Increase  in  the  frequency  of  certain  grain 
sizes  and  a  decrease  in  others.  The  shock-induced  pressures  produce  a  light-colored 
sand  flour  by  crushing  the  sand  grains  surrounding  the  exploding  charge;  this 
crushing  effect  is  confined  to  the  true  crater  area  and  significantly  reduces  the 
grain  size  of  the  sand  medium. 

4.4.  2  The  measurement  of  grain  size  reduction  was  accomplished  by  screening  four 
samples  collected  from  the  bottom  of  craters  DIA,  D2. 5A,  D5. 5A,  and  D8A.  These 
sampU  represent  the  fallbr-'-,  ejecta  material  composed  of  sand  flour,  broken  and 
unbroken  grains  of  sand,  and  pressure-agglutinated  fragments  of  this  material.  Cumu¬ 
lative  curves  based  on  the  screen  analysis  of  the  preshot  sand  medium  and  the  postshot 
crater  fallback  material  are  shown  on  Figures  9  and  10.  The  mean  diameter  of  the 
comminuted  debris  falling  back  Into  the  crater  is  a  function  of  the  depth  of  burial  of 
the  exploding  charge.  This  relationship  is  shown  on  Figure  11  and  additional  screen 
data  ore  listed  on  Table  3. 
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Table  2.  Crater  Dimensions  for  Dry-Sand  Series 
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Shock^ggiutinated  frogments. 


4.4.3  The  crushing  strength  of  the  individual  grains  of  the  sand  medium  is  dependent 
upon  size,  composition,  and  crystalline  cleavage.  Each  of  these  three  parameters  is 
known  to  vary  considerably;  therefore,  their  effect  on  the  gross  comminution  cannot 
be  evaluated.  Explosion  effects  that  reduce  the  mean  diameter  of  the  matrix  will  also 
reduce  the  frequency  of  the  larger  grain  sizes  with  a  corresponding  increase  in  frequency 
of  the  smaller  grain  sizes. 

4.4.4  Pressure -agglutinated  fragments  and  missiles  increase  the  proportion  of  the 
coarser  size  fraction  for  the  postshot  fallback.  The  fragments  and  missiles  may  represent 
broken  fragments  of  a  shock  cone  composed  of  pressure-agglutinated  sand  flour  as  well 
as  fractured  and  unbroken  grains  of  sand.  The  agglutinated  or  pressure-welded  material 
forms  easily  friable,  angular  fragments  varying  in  size  from  a  few  millimeters  to  more 
than  1  inch  in  length.  These  fragments  do  not  appear  to  have  been  fused  at  the  grain 
boundaries,  but  they  are  capable  of  withstanding  the  fofces  of  ejection  and  impact. 

The  microscopic  characters  of  the  agglutinated  fragments  are  shown  on  the  photomicro¬ 
graph  on  Figure  12.  Some  of  these  fragments  are  ejected;  others  fall  back  into  the 
crater,  thus  creating  new  sizes  of  material  coarser  than  the  original  sand. 

4.4.5  Fragments  and  missiles  of  the  agglutinated  or  pressure-welded  type  were  developed 
only  in  the  dry-sand  environment.  These  fragments  were  not  formed  by  detonations  in 
wet  sand.  The  ejection  of  these  "welded"  fragments  or  missiles  produced  numerous 
secondary  craters  two  to  four  crater  radii  from  the  point  of  detonation.  Some  of  these 
missiles  remain  within  the  secondary  crater  formed  by  the  impact,  others  were  partly 
disaggregated  or  broken  on  impact.  Some  of  the  secondary  splash  craters  produced  by 
these  agglutinated  missiles  are  shown  on  Figure  13,  Views  P,  Q,  and  R. 

4.5  CRATERING  CHARACTERISTICS  IN  WET  SAND 

4.5. 1  The  results  of  previous  cratering  experiments  using  both  nuclear  and  chemical 
explosives  have  indicated  that  the  moisture  content  of  the  host  rock  or  soil  medium  may 
in  some  manner  influence  the  size  of  the  resulting  crater.  This  hypothesis  was  supported 
by  the  significantly  larger  craters  produced  at  the  Pacific  test  site  as  compared  with 
detonations  of  similar  size  in  dry  soil  or  rock. 

4.5.  2  The  wet-sand  experiment  series  consisted  of  18  detonations  of  1  -pound  spheres 
of  TNT  in  a  wet-sand  medium  that  varied  from  5.8  to  approximately  22  percent  moisture 
by  weight.  These  charges  were  fired  above  the  surface,  on  the  surface,  and  below  the 
surface  of  the  test  pad  at  the  same  depths  used  for  the  dry-sand  series.  The  subsurface 
shots  were  positioned  so  that  the  center  of  gravity  of  the  charge  was  located  ot  50. 8, 
101.6,  228,  381,  508,  533,  and  686  mm  below  the  surface  of  the  test  pad. 

4.5. 3  The  moisture  content  of  the  sand  was  determined  by  weighing  ond  drying  sand 
removed  from  the  charge  hole  prior  to  the  detonation  of  the  charge.  In  addition, 
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density  and  moisture  content  of  the  test  pad  were  also  determined  immediately  after  the 
test  pad  had  cleared  after  the  detonation.  Moisture  content  of  the  sand  medium  at 
detonation  time  was  approximated  by  averaging  the  preshot  and  the  postshot  moisture 
measurements. 

4.5.4  After  each  experimental  crater  had  been  surveyed,  the  sand  medium  surrounding 
the  crater  area  was  removed  to  a  two-crater  depth  and  replaced  with  sand  of  original 
composition.  The  replacement  sand  and  the  entire  pad  surface  was  then  compacted, 
leveled,  and  moistened  in  accordance  with  the  previously  described  procedure.  The 
medium  below  the  two-crater  depths  remained  more  compressed  than  the  peripheral 
areas  of  the  test  pad,  and  the  permeability  of  the  sand  medium  in  this  region  was 
reduced  because  of  the  greater  degree  of  packing.  The  wetting  operations  required 
for  the  subsequent  shots  washed  the  finely  divided  sand  flour  and  carbon  remaining  in 
the  medium  from  earlier  detonations  downward  into  the  lower  more  compressed  and  less 
permeable  horizon.  In  this  manner,  an  impervious  layer  of  fine  sand  flour  and  carbon¬ 
aceous  material  was  deposited  approximately  635  mm  below  ground  zero.  The  formation 
of  the  impervious  horizon  created  a  perched  water  table  or  a  saturated  horizon  extend¬ 
ing  to  approximately  508  mm  below  the  surface  of  the  test  pad  at  ground  zero.  This 
situation  was  not  discovered  until  the  charge  hole  for  shot  W6.5A  was  prepared.  The 
charge  for  this  shot  was  placed  at  508  instead  of  533  mm  below  the  surface  of  the  test 
pad  in  order  to  have  the  center  of  gravity  of  the  TNT  sphere  coincide  with  the  surface 
of  the  water  table. 

4. 5o5  When  the  nonuniform  density  of  the  test  pit  medium  and  the  formation  of  the 
perched  water  table  was  discovered,  all  the  subsurface  shots  of  the  wet-sand  series  were 
rerun.  The  subsurface  shots  designated  by  the  letter  "A,  "  except  W7. 5A,  were  detonated 
in  a  homogeneous  wet  sand  environment.  The  craters  produced  in  wet  sand  are  shown 
in  Figure  14.  Measurements  from  the  craters  produced  by  these  subsequent  shots  are 
shown  on  Figures  6  through  11  and  listed  in  Table  4. 

4.5.6  A  comparison  of  crater  dimensions  for  all  craters  formed  as  a  result  of  surface 
detonations  on  both  wet-  and  dry-sand  media  are  shown  on  Figure  15.  Measurements 
of  crater  depth,  crater  radius,  and  crater  volume  are  plotted  against  the  percentage  of 
moisture  contained  in  the  near-surface  portion  of  the  sand  medium. 

4.5.7  All  three  of  these  crater  parameters  displayed  a  uniform  increase  in  crater  size 
as  the  moisture  content  of  the  sand  medium  was  increased  from  5.8  to  11.9  percent; 
however,  smaller  craters  were  produced  when  the  moisture  content  of  the  sand  medium 
was  increased  12  percent  to  saturation.  When  saturated  the  sand  matrix  contained 
approximately  22  percent  water  by  weight. 

4.5.8  All  craters  produced  in  the  wet-sand  medium,  except  shot  W2D,  had  smaller 
crater  radii  than  the  craters  produced  by  surface  detonations  in  dry  send.  On  the  other 
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Table  4.  Crafer  Measurements  for  V\/et-Sand  Series 
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Saturated;  standing  water 


hand,  all  craters  produced  in  wet  sand  were  conspicuousi/  deeper  than  those  produced 
by  surface  detonations  on  dry  sand.  Also  the  crater  volume  increased  as  the  percentage 
of  soil  moisture  was  increased  to  approximately  12  percent.  The  volume  of  the  craters 
produced  in  wet  sand  having  a  moisture  content  between  12  percent  and  saturation  is 
approximately  equal  to  the  craters  produced  in  dry  sand.  The  volume  of  crater  W2F 
produced  in  saturated  sand  with  standing  surface  water  was  considerably  smaller  than 
that  of  craters  formed  by  surface  detonations  in  wet  sand. 

4.6  EFFECT  OF  WATER  TABLE 

4.6.1  The  effect  of  the  hard,  dense,  impermeable  horizon  and  water  table  on  crater 
size  is  shown  on  Figure  16.  The  general  effect  of  this  dense,  impermeable  horizon  is 
to  reduce  the  crater  size,  particularly  with  respect  to  crater  depth.  The  crater  radius 
was  not  greatly  affected  by  presence  of  the  water  table,  but  average  lip  crest  height 
was  consistently  less  for  craters  produced  above  the  perched  water  table. 

4.6.  2  The  lip-to-lip  diameter  and  volume  of  the  craters  produced  in  wet  sand  overlying 
the  hard  impermeable  horizon  and  water  table  are  considerably  less  than  the  correspond¬ 
ing  measurements  of  the  crot-rs  developed  in  the  homogeneous  wet  sand  medium.  The 
lip-to-lip  diameter  and  the  crater  volume  measurements  for  all  shots  of  the  wet  series 
are  shown  on  Figure  17. 

4.6.  3  Reduction  of  crater  depth  because  of  the  water  table  and  associated  more  dense 
material  underlying  the  crater  is  also  indicated  by  the  slightly  greater  diameter  to  crater 
depth  ratios.  These  ratios  are  shown  on  Figure  18.  They  vary  from  29.  5  for  above¬ 
surface  shots  to  values  of  less  than  3  for  subsurface  detonations  at  optimum  burial  depth. 
The  crater  diameter  to  crater  depth  ratio  increases  greatly  if  the  position  of  the  detona¬ 
tion  is  moved  from  the  surface  to  a  few  inches  above  the  surface.  The  dlameter-to- 
depth  ratio,  however,  decreases  gradually  as  the  burial  depth  is  increased  to  optimum 
and  slowly  increases  for  greater  burial  depths. 

4.7  COMPARISON  OF  CRATERING  RESULTS 

4.  7. 1  Craters  resulting  from  surface  bursts  are  larger  than  craters  produced  by  air 
bursts  over  a  wet-  or  dry-sand  medium;  however,  the  size  difference  of  the  two  is 
increased  greatly  by  a  wet-sand  medium.  Table  5  shows  the  percent  of  change  that 
occurs  in  the  crater  size  with  o  surface  detonation  and  an  air  burst  50.8  mm  above 
the  surface. 

4. 7.  2  The  crater  volume  resulting  from  a  surface  detonation  on  wet  sand  is  approxi¬ 
mately  12.  5  times  larger  than  the  crater  volume  produced  by  a  similar  charge  detonated 
50.  8  mm  above  the  surface  of  the  test  pad.  On  the  other  hand,  crater  volume  resulting 
from  a  surface  burst  on  dry  sand  is  only  1.6  times  larger  than  that  resulting  from  a 
similar  charge  detonated  above  the  test  pad. 
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Figure  16  Comparison  of  Crater  Dimensions  for  Wet-Sand  Series 
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Table  5.  Changes  in  Crater  Dimensions  for  Surface  and  Air-Burst  Shots 


Depth  of 
Burial  (mm) 

Average  Crater  Radius  (mm) 

Maximum  Crater  Depth  (mm) 

Crater  Volume 

X  10^  (mm3) 

Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

-50.8 

459° 

385° 

71° 

26° 

22.5° 

3.1° 

0 

513^ 

438° 

98^ 

160° 

36.4^ 

38.7° 

Percent  of 
Change 

-10.5 

-12.3 

-27.6 

-83.8 

38.2 

-92 

Surface 

Air  Burst 

1.12 

1.13 

1.38 

6.15 

1.61 

12.48 

4.7.3  Upon  examining  the  tables  and  charts  from  which  the  curves  relating  the  various 
croter  parameters  are  derived,  one  cannot  fail  to  be  impressed  by  the  scatter  of  points. 
This  scatter  is  real  and  has  been  observed  at  all  controlled  tests  of  explosive  craters  when 
test  duplication  has  been  attempted.  The  Tulalip  experiment  included  a  series  of  five 
shots  that  were  detonated  under  nearly  identical  surface  conditions  in  a  dry-sand  medium. 
The  crater  measurements  obtained  through  these  detonations  provided  data  on  the  range 
of  variation  one  might  expect  in  crater  measurements  of  a  single  detonation  in  a  similar 
environment.  Crater  measurements  of  the  five  surface  shots  in  dry  sand  were  found  to 
have  the  following  variation: 

Crater  Measurement  Variation  (percent) 


Average  lip  crest  height 

±14 

Average  crater  radius 

±2.7 

Crater  depth 

Crater  volume 

±15 

4.7.4  The  above  figures  are  somewhat  less  than  the  figure  of  ±25  percent  variation  for 
crater  dimensions  cited  by  Baldwin  (Reference  6,  p.  116)  for  craters  that  result  when 
several  identical  charges  of  a  given  explosive  are  detanated  in  a  supposedly  identical 
environment.  Accurate  information  concerning  the  expected  variation  in  measurements 
of  craters  produced  by  subsurface  detonations  in  dry  or  wet  sand  is  not  known  at  the 
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present  time.  Despite  the  lack  of  information  concerning  the  standard  deviation  likely 
to  be  encountered  in  crater  measurements,  certain  generalities  can  be  stated  concerning 
the  relative  size  relationships  of  craters  formed  in  a  wet-  and  dry-sand  medium.  Table  6 
contains  comparative  values  of  the  average  radius,  maximum  depth,  and  volume  for 
craters  produced  in  wet-  and  dry-sand  media  and  craters  resulting  from  detonations 
above  a  hard,  dense,  impervious  horizon  and  water  table. 

4.7.5  Craters  produced  in  the  wet-  and  dry-sand  medium  during  the  course  of  these 
experiments  can  be  summarized  as  follows: 

1.  Craters  resulting  from  detonations  in  dry  sand  at  burial  depths  less  than 
optimum  have  larger  average  crater  radii  than  craters  resulting  from  the 
same  burial  depth  in  wet  sand. 

2.  If  the  burial  depth  is  greater  than  optimum,  the  average  radius  of  craters 
produced  in  dry  sand  is  6  to  10  percent  smaller  than  for  craters  formed  in 
wet  sand  at  the  same  charge  burial  depth. 


3.  The  maximum  depth,  volume,  and  average  lip  crest  height  of  all  craters 
produced  in  wet  sand,  except  those  resulting  from  air  burst,  are  greater 
than  for  craters  resulting  from  detonations  in  dry  sand  at  the  same  burial 
depth.  The  depth  of  craters  resulting  from  surface  and  subsurface  detona¬ 
tions  in  the  homogeneous  wet-sand  medium  were  27  to  71  percent  greater 
than  craters  produced  by  detonations  at  identical  depths  of  burst  in  the 
dry-sand  medium.  Wet-sand  crater  volumes  varied  from  6  to  168  percent 
larger  than  for  craters  produced  in  dry  sand  when  the  same  burial  depth 
was  used.  The  average  lip  crest  height  of  craters  resulting  from  surface 
and  subsurface  detonations  in  wet  sand  were  20  to  100  percent  greater 
than  their  counterpart  produced  in  dry  sand. 

4.  Craters  produced  by  detonations  above  the  hard,  dense,  impermeable  horizon 
and  water  table  are  characterized  by  a  greater  degree  of  variabil  ity.  The 
average  crater  radius  produced  by  detonation  at  burial  depths  above  optimum 
are  slightly  larger  than  those  produced  by  comparable  detonations  in  a  dry- 
sand  medium.  Crater  radius  for  detonations  produced  at  or  below  the  opti¬ 
mum  burial  depth  are  6  to  13  percent  smaller  than  for  craters  resulting  from 
detonations  at  the  same  burial  depth  in  dry  sand.  The  maximum  depth  of 

the  craters  resulting  from  subsurface  shots  in  wet  sand  above  the  water 
table  is  considerably  less  than  for  craters  produced  in  v/et  homogeneous 
sand  without  any  water  table. 


4.7.6  All  craters  produced  above  the  water  table,  except  W4. 5A,  had  a  maximum 
depth  exceeding  the  craters  praduced  in  dry  sand  at  identical  burial  depths.  Crater 
volume  resulting  from  subsurface  detonations  above  the  water  table  was  found  to  be 
both  larger  and  smaller  than  for  craters  from  identically  placed  charges  detonated  in 
dry  sand. 
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5  CONCLUSIONS 


The  following  conclusions  were  derived  by  analyzing  the  experimental  data: 

1.  Average  radius  of  craters  produced  in  wet  sand  is  1  i  to  16  percent  smaller 
than  comparable  craters  produced  in  dry  sand  for  air,  surface,  and  sub¬ 
surface  detonations  to  and  including  the  optimum  burial  depth.  Below  this 
depth,  wet-sand  craters  are  4  to  11  percent  larger. 

2.  Maximum  depth  for  craters  produced  in  wet  sand  is  27  to  71  percent  larger 
than  for  comparable  craters  in  dry  sand  for  surface  and  subsurface  detona¬ 
tions.  Craters  produced  as  the  result  of  air  bursts  over  wet  sand  are 
considerably  smaller  (63  percent)  than  comparable  craters  in  dry  sand. 

3.  Crater  volumes  as  produced  in  dry  sand  are  10  to  169  percent  smaller  than 
for  comparable  craters  produced  in  wet  sand,  except  for  craters  resulting 
from  air  bursts. 

4.  Explosions  on  wet  and  dry  sand  surfaces  yield  significantly  greater  croter 
dimensions  than  do  air  bursts  of  the  same  charge  over  the  same  medium. 

5.  The  deepest  crater  produced  by  surface  detonation  in  wet  sand  was 
obtoined  when  the  moisture  content  of  the  sand  medium  was  approximately 
12  percent. 

6.  The  mcximum  crater  dimensions  produced  by  detonation  of  1-pound  TNT 
spheres  was  obtained  at  a  burst  depth  of  381  millimeters  (15  Inches)  in 
both  wet-  and  dry-sand  medium. 

7.  Detonations  of  high-explosive  charges  in  sand  result  in  both  an  increase 
and  a  decrease  in  size  classes  composing  the  sand  matrix. 

8.  The  bulk  of  the  grain  size  reduction  takes  place  in  the  midrange  size  class 
near  the  mean  diameter  of  the  sand  medium. 

9.  Shock-agglutinated  missiles  represent  increases  in  grain-size  of  the  sand 
medium  and  are  capable  of  forming  low-velocity  impact  craters. 

10.  Shock -agglutinated  missiles  are  formed  by  the  breakup  and  ejection  of  the 
greatly  shocked  material  from  the  bottom  and  sides  of  the  crater. 

1 1.  Intercone  structures  Jre  best  developed  and  preserved  when  the  detonation 
takes  place  at  or  above  the  surface  of  the  test  pad. 


12.  Intercone  structures  are  not  produced  by  detonations  in  a  wet-sand  medium. 

13.  Apical  angles  of  the  intercone  structures  vary  from  135  to  160  degrees. 


14.  The  size  of  craters  produced  above  a  hard,  dense,  impermeable  horizon 
and  water  table  are  smaller  than  for  craters  formed  in  a  homogeneous  wet- 
sand  medium. 
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APPENDIX  A 

INTRACONE  AND  CRATER  CHARACTERISTICS 

The  intercone  and  crater  are  features  confined  to  the  central  portion  of  the  larger  craters. 
These  features  are  always  located  directly  beneath  the  burst  position  and  are  most  likely  to 
be  developed  when  the  explosion  takes  place  above  the  test  pad  surface.  However,  similar 
structures  may  have  developed  atoll  charge  burial  depths,  but  such  features  would  have  been 
destroyed  or  modified  by  debris  that  fell  back  into  the  crater.  The  intercone  is  generally 
composed  of  finely  divided  sand  flour  with  a  less  disturbed  sand  matrix  agglutinated  by  shock 
compression.  The  agglutinated  material  is  harder  and  more  compact  than  the  surrounding 
sand  medium.  There  is  no  evidence  that  fusion  has  taken  place,  and  the  compressed  material 
is  easily  friable  when  rubbed  lightly.  The  composition  and  the  character  of  the  intercone 
material  is  very  similar,  if  not  identical,  to  the  shock-agglutinated  missiles  discussed  under 
paragraph  4.4.  The  similarity  between  shocked  material  composing  the  Intracone  and  the 
material  in  ejected  missiles  suggests  a  relationship  in  time  and  mode  of  origin.  If  this  surmise 
is  correct,  these  missiles  would  represent  broken  and  ejected  fragments  of  shock-produced 
cone  material.  The  presence  of  shock-agglutinated  missiles  resulting  from  all  detonations  in 
dry  sand  suggests  that  intrccone  or  similar  structures  may  have  formed  at  all  burial  depths  in 
the  dry-sand  environment.  Both  the  intracone  and  ejected  missiles  must  have  formed  early 
in  the  explosion  sequence  to  have  been  ejected  by  the  expanding  gas  pressure  from  the  crater 


Baldwin  (Reference  6,  p.  118)  suggests  a  different  mode  and  origin  for  the  intracone  structure 
based  on  the  unpublished  work  (1944)  of  Lieutenant  Fred  Olsen.  Olsen  and  Baldwin  suggest 
elastic  rebound  as  the  origin  for  the  intracone  structure.  If  Intracones  are  formed  by  elastic 
rebound,  they  must  originate  relatively  late  in  the  explosion  sequence  and  after  the  shock 
and  gas  pressure  have  been  greatly  reduced. 

Lieutenant  Olsen's  experiment  employed  a  100-pound  block  of  TNT  detonated  on  the  surface 
of  the  natural  silty  loam  soil.  The  center  of  gravity  of  the  charge  was  above  the  surface  of 
the  ground;  therefore,  this  shot  would  be  classified  as  a  near-$urface  air  burst.  The  apporent 
crater  produced  by  this  charge  was  7  feet  in  diameter  and  approximately  10  inches  deep.  A 
relatively  hard,  compressed,  shocked  intercone  measuring  5  by  5  by  10  inches  high  was  pro¬ 
duced  by  this  detonation. 

The  cone  in  the  crater  is  not  made  by  pieces  of  earth  falling  back  into  the  crater.  There  is 
a  displacement  of  ground  roughly  equivalent  to  the  final  apparent  crater  dimenaions.  How¬ 
ever,  the  dr>'  nature  of  the  soil  as  well  as  the  packing  of  the  loam,  coupled  with  the  inter¬ 
mittent  layers  of  lava  makes  the  ground  comparatively  resilient.  On  restoration  after 
compression  the  dense  compressed  material  from  the  bottom  of  the  crater  is  broken  up  and 
piled  up  in  a  cone.  (Reference  6,  p.  118) 

Ejected  debris  and  pressure-agglutinated  missiles  were  not  reported  by  Olsen. 
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The  intracone  produced  by  the  detonation  of  100  pounds  of  TNT  differs  markedly  from  the 
intracone  (shown  on  Figure  A.  1)  that  was  produced  by  the  detonation  of  a  1-pound  sphere 
of  TNT  during  the  Tulalip  experiment.  The  cone  described  by  Olsen  differs  from  its 
Tulalip  counterpart  because  there  is  an  introcrater  superimposed  upon  the  cone.  The  intra¬ 
cone  is  somewhat  larger  than  the  diameter  of  the  TNT  charge  and  located  directly  beneath 
the  burst  position. 

Small  intracone  structures,  some  with  intracraters,  were  produced  during  experiments  con¬ 
ducted  by  U.  S,  Army  Engineers  at  Waterways  Experiment  Station  (Reference  7)  during  a 
study  on  the  effects  of  soil-rock  interface  on  cratering.  These  experiments  employed  an 
overburden  of  varying  thickness  composed  of  air-dried,  "pit  run"  river  sand  placed  initially 
to  a  maximum  depth  of  12.55  feet  over  a  massive  concrete  slab.  Three  different  charge  types 
and  sizes  were  employed  in  these  experiments  and  all  dimensions  were  scaled  by  dividing 
the  distance  or  thickness  by  the  cube  root  of  the  charge  weight. 

Small  intracone  structures  produced  by  surface  detonations  of  the  256-pound  charges  of  TNT 
we. a  confined  to  a  narrow  range  of  overburden  thickness.  Surface  detonations  of  these 
charges  produced  intracone  structures  when  the  overburden  thickness  was  6. 35  (Xq=  1)  and 
3, 13  (Xq  =  0.  5)  feet.  However,  these  structures  were  not  formed  when  the  thickness  of 
sand  overburden  was  increased  to  12.  55  (X^  =  2)  feet  or  decreased  to  1.56  (Xq  =  0. 25)  feet. 
The  intracones  resulting  from  surface  detonation  of  54-pound  charges  of  dynamite  and  27- 
pound  charges  of  C-4  explosive  were  further  restricted:  these  were  formed  only  at  an  over¬ 
burden  thickness  of  3.  13  (X  =  0.  5). 

Shots  14  and  15  of  the  Waterways  experiment  are  especially  pertinent  to  intracone  formation. 
These  shots  were  surface  detonations  of  256  pounds  of  TNT  on  a  sand  mantle  3.  13  (X  =  0. 5) 
feet  in  thickness.  Both  true  and  apparent  crater  dimensions  were  reported  as  identical.  The 
crater  did  not  penetrate  the  underlying  concrete  slab;  however,  the  slab  was  swept  clean  of 
sand  for  an  approximate  distance  of  2  feet  jround  the  intracone  base.  The  intracone  structure 
formed  by  these  detonations  appeared  to  be  a  residual  mass,  unrelated  to  elastic  rebound  or 
reflected  seismic-shock  effects.  The  scouring  ability  of  the  expanding  sphere  of  gas  appears 
to  be  an  important  factor  in  the  formation  of  intracone  structures  of  this  type. 

The  apical  angle  of  the  intracone  structures  developed  during  experiments  conducted  by 
Lieutenant  Olsen,  by  Waterways,  and  by  the  author  at  Tulalip  show  considerable  similarity 
despite  dissimilar  test  conditions.  The  apical  angles  for  the  intrecones  produced  during  these 
experiments  are  shown  on  Table  A.  1. 

During  the  course  of  the  Waterways  and  Tulalip  high-explosive  detonations,  introcones  did 
not  form  in  a  wet-sand  medium.  Wet  sand  may  be  less  compressible  but  more  easily  removed 
from  the  crater  floor  by  the  expanding  gas. 


Similar  intracrater  cone  structures  were  produced  by  surface  shots  I1I-3A  and  1I1-3B 

(W  =  6, 000  pounds)  and  by  an  air  burst,  shot  ll-l  (W  =  256  pounds,  X  =  -0.  14),  of  the  Air 

Vent  series.  Carlson  and  Jones  (Reference  8,  p.  43)  report  that  the  conical  formation  may 


be  the  result  of  fallback,  peculiar  only  to  the  interaction  of  expanding  gases  associated  with 
surface  and  near-surface  bursts. 


Table  A.  1.  Intracone  Apical  Angles 


Detonation  Event 

Apical  Angle  of  Intracone 

Waterways  Experiment  Station:  Shot  8 

135 

Shot  9 

165 

Shot  14 

155 

Shot  15 

165 

Shot  18 

150 

Shot  19 

165 

Shot  21 

155 

Lieutenant  Olsen's  Experiment 

145 

Tulalip  Experiment 

150  to  160 
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APPENDIX  B 


DISTRIBUTION  OF  EJECTA 

The  ejected  debris  produced  as  a  result  of  detonation  at  various  depths  in  dry  sand  were 
studied  to  gain  experience  and  knowledge  that  would  help  in  analyzing  and  predicting  the 
character  of  ejected  debris  obtained  from  much  larger  chemical  and  nuclear  detonations. 

Such  information  is  important  in  the  prediction  of  damage  resulting  from  high-explosive  and 
nuclear  detonation,  the  design  of  protective  structures,  and  engineering  application  to  earth 
excavation. 

In  an  attempt  to  gain  as  much  information  as  possible  from  each  shot,  small  catch-trays  were 
placed  in  a  pattern  on  the  surface  of  the  test  area  to  collect  samples  to  be  used  in  ejecta 
distribution  studies.  These  trays  were  placed  along  radial  rays  180,  222,  320,  570,  and 
1,070  centimeters  from  ground  zero.  The  same  pattern  of  catch-trays  was  maintained  for 
each  shot;  the  location  of  the  sample  stations  are  shown  on  Figures  4  and  5.  Each  concentric 
ring  of  catch-trays  contains  12  trays  in  which  samples  were  collected.  Each  sample  was 
weighed  and,  with  the  known  area  of  the  catch-trays,  the  areal  density  of  the  ejected  mass 
was  calculated.  An  average  areal  density  was  computed  for  each  distance  from  ground  zero 
for  each  shot. 

The  crater  volume,  crater  mass,  ejecta  mass,  ejecta  mass/crater  mass  ratio,  region  of  ejecta 
samples,  and  the  average  crater  measurements  used  in  the  calculations  of  ejecta  distribution 
are  listed  on  Table  B.  1.  This  table  also  shows  that  important  information  from  the  near¬ 
crater  region  (1  to  2  crater  radii)  was  not  sampled.  Previous  cratering  experiments  have 
shown  that  most  of  the  ejected  mass  is  distributed  in  this  region.  Catch-trays  placed  in  this 
locale  are  badly  disturbed  and  sometimes  removed  entirely  by  the  forces  of  detonation.  The 
ejecta  deposited  in  the  near  crater  region  can  be  estimated  from  the  topographic  map;  how¬ 
ever,  for  the  Tulalip  experiments  the  amount  of  uplift  and  compression  that  has  taken  place 
in  the  near-crater  region  is  unknown. 

AREAL  DENSITY 

The  ejected  materials  recovered  from  the  catch-trays  were  weighed  and  converted  to  areal 
density  (gm/cm^).  The  ejecta  areal  density  as  a  function  of  distance  from  ground  zero  has 
been  plotted  for  each  shot  and  fitted  by  one  or  more  power  law  functions  as  indicated  by 
the  actual  data  points.  The  power  law  relationships  represent  the  best  fit  to  the  data  by 
the  method  of  least  squares.  Data  plots  and  their  corresponding  power  law  fits  are  shown 
on  Figures  B.  1  through  B.  10. 

MASS  CALCULATIONS 

The  total  ejecta  mass  for  these  craters  was  calculated  by  employing  a  method  first  used  by 
Carlson  and  Roberts  (Reference  9).  The  ejecta  mass  is  calculated  by  evaluating  integrals  in 
the  form  of 
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M  -  Ik 
P 


DdD 


D2 

/  5(D) 

D1 

Where:  M  =  that  portion  of  the  total  ejecta  mass  falling  within  the  radial  distance 

P  D1  to  D2 

6(D)  =  the  experimentally  derived  areal  density  distance  function  of  the  least 
squares  fit  of  the  areal  density  data 

The  total  ejecta  mass,  Me,  is  sum  of  the  incremental  masses,  M^,  or 

n 

Me  =  /*  M 

P 

P  =  1 
and 

a 

Me  =  2irK  J*6(D)  DdD 

1.2 

The  distribution  of  the  ejecta  mass  relative  to  the  craters  is  shown  on  Figures  B.  11  through 
B.  18.  In  these  figures,  the  ratio  Mi/Me  is  plotted  as  the  ordinate  versus  the  ratio  D/l?  as 
the  abscissa,  where  Mi  is  the  cumulative  ejecta  mass  between  the  crater  edge  and  any  dis¬ 
tance  of  interest.  Me  is  the  total  ejecta  mass,  D  is  distance,  and  R  is  the  radius  of  the 
apparent  crater.  These  mass  distribution  curves  were  derived  by  integrating  (using  the  above 
equation)  in  successive  Increments  the  areal  density  versus  distance  curves  shown  in  Figures 
B.  1  through  B.  10. 

The  ejected  moss  of  craters  D6.  5A,  D7. 5A,  and  D8.  A  each  exceeds  their  respective  apparent 
crater  mass.  These  craters  are  the  result  of  the  deepest  detonations  of  this  experiment.  A 
similar  situation  was  found  to  exist  for  the  deeper-buried  detonation  of  the  Air  Vent  series. 
This  condition  according  to  Garlson  and  Jones  (Reference  8,  p.  58)  is  due  to  the  bulking 
effect  that  is  attained  for  craters  resulting  from  deeply  buried  charges.  Sufficient  data  are 
not  available  to  resolve  this  question  here. 


Table  B,  1  Ejecta  Distribution 
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Figure  B.  3  Areal  Density  Versus  Distance  From  Ground  Zero  for  Shot  D2. 5A 
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Figure  B.  4  Areal  Density  Versus  Distance  From  Ground  Zero  foi  Shot  D3.5A 
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Figure  B.  7  Areal  Density  Versus  Distance  From  Ground  Zero  for  Shot  D6.5A 
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Figure  B.  8  Areal  Density  Versus  Distance  From  Ground  Zero  for  Shot  D7A 
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APPENDIX  C 


CRATER  MAPS  AND  PROFILES 

Topographic  profiles  measured  in  accordance  with  fhe  procedure  shown  in  Figure  1,  Views 
C  and  D,  are  shown  in  Figures  C.  1  through  C.  29, 
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Figure  C.  2  Crater  Map  and  Profile  for  Shof  D1.5A 
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Figure  C.  3  Crafer  Map  and  Profile  for  Shot  D2A 


67 


D2-90683-1 


68 


D2-90683-1 


69 


D2-90683-1 


D2-90683-1 


C.  7  Crater  Map  and  Profile  for  Shot  D3. 5A 
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Figure  C.  12 


Crater  Map  and  Profile  for  Shot  D6A 
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Figure  C.  14  Crater  Map  and  Profile  for  Shot  D7A 
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Figure  C.  16  Crater  Map  and  Profile  for  Shot  D8A 
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C.  19  Crater  Map  and  Profile  for  Shot  W2B 


n 


83 


D2-90683-1 


84 


•IVV 


D2-90683-1 


02-^0683-1 


86 


TRACK  AXIS  (M<K) 


Figure  C.  23 
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Figure  C.  25  Crater  Map  ond  Profile  for  Shot  W3. 5B 


Figure  C.  26  Crater  Map  end  Profile  for  Shot  W4. 5B 
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Crater  Map  and  Profile  for  Shot  W6.5A 
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Thirty-seren  l«pdSSl  spheres  of  TNT  mre  individually  exploded  at  various 
depths  of  burst  in  a  sand  test  pad.  Of  these,  19  detonations  were  conducted 
in  a  dry  sand-medium  and  18  in  a  met-eand  medium  at  eomparable  dej^hs  of 
burst.  The  craters  produced  were  aeourately  surveyed  by  using  a  bridge  and 
probe  assembly.  The  results  of  these  crater  surveys  are  shown  on  topographic 
maps.  In  addition  to  topographic  measurestents,  volumetric  measurements  of 
the  craters,  ejecta  measurements,  and  mediua  density,  moisture  content,  grain 
sise  distributions  are  presented.  The  experimental  procedures,  equipment  test 
area,  and  sand  medium  are  discussed  in  detail.  The  comparison  of  crater 
characteristics  of  wet-  and  dry-sand  environments  are  discussed  and  the  results 
presented  in  tables  and  graphs.  In  addition  to  the  crater  characteristics,  the 
foxuation  of  intracone  stzoiotures,  shock-agglutinated  missiles,  and  the 
reduction  in  sise  of  the  sand  grains  ccmposing  the  medium  are  discussed. 
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INS  !  Rl.C  ■:  IONS 


1.  ‘jRi(iINAT:sCi  AC'IIVITY.  Kurf-rth.:  .iml  .i.UU- 

tif  V':’i»rei'*i^r.  suIm  ■•riinictdr.  »*,  \.f 

fens«*  <i  »i  •»!>  (If  k  •  ft  laauing 

I  he  r»'p»  r 

2a.  H  -  yc  m  SF.CL-'Rn  V  (  :  :r  ATION;  Entrr  th.  '.vor- 

•M  <  iHCMfifoti.'u tJ;**  indicate  u-hrth**^ 

"RpKtrtc  :r.*  Df.la'*  if  ’ui-d  VJ.r;<  is  j  »  be  jr.  ar  t  r.l* 
•tnee  w',M>  re *:'j* 

.M).  CiRorp  A  (f  •  .  't'.-.tliti,'  ;s  <•»'  ifu-l  m  l>v  O  D- 

530''^.  I  ■'  «mn  .f-f  ;  ‘  r,  .-s  lii'J.iJ'trinl  Mfi'vuil.  Er.tft 
ihf?  gTi’Ui'  jui'uJu”.  AIni.,  v.hf'n  a|>j>hf  ahi ihaf  .-i>Iioi;hI 
niafl.*in*5S  h.is«‘  brtr  jsf  J  f«>r  '..r'Uij,  «  m  a*.  ,iiith.‘r- 

MV'.. 


10.  AVAil  APILITN  i.lMn  A  :i‘  S  NOTICES:  Entf-r  any  Um- 
u'ns  4  r.  fvrU.i'f  uiastM.  r.-:  fht*  report,  other  than  th^ae 

u  d.isedhv  sei'tiriiy  t  iMCAiiicaf.on.  u&itig  standard  statements 

sucti  as: 

•  1)  *  Oiu-iiifif't  rccjiiestfre  r.oy  obtain  copies  .>(  this 
report  fi.in'i  ljr>C  '* 


(2) 


f  .t^ 


fff'urf  I)'.  I'DC' 


cn.ri;!  rtn<f  .liKSamination  of  this 


3.  ^  'K  V  TITl-h-  Kj;Uf  »»  .  c  m 
TpI'-s  ni  oi! 

h  a  tit'e  '  ioiiv,.*  y.»  vf  j. 

•  r.Tt,  wnru  f  ...s '  1  ,  .  .  .1,  -■! 

.  ”  ev*. d'li  •*.  V  t,  1 1  ic  u  I  n>»  i  •  t  • , «  . 

IJf,SCKi^  ■:  1'.  I-  Nf'  I't’s  -I 

•  •  ..•Ofl,  r.j;  ,  :  r  I,:,-  «•„.  ( 

.V''  th*‘  ifi'  lu-'.i'A  ‘'hcfi  o 


: -  jr-  ••  r*p.>ft  title  ;f.  ;4;l 
*.>  ■  '.J;’  ‘m*  tin« 

I  •  I  Vk :  ih-  vM  ■ 

;  .  .>:>  f.«ls  1:1  parenthesis 

.  ei  tef  the  type  .>1 
-r; .  \»r  final. 

’*•  i’ll  if'jK.rting  period  is 


‘  ft  iiirent  iiv’eni.ies  ma>  iit>tain  fopxe'S  of 
thi’5  report  clirevtiv  fr-in  HOC.  Other  qual  ified  DDC 
Mif‘rj  stiiii;  re 


*'L  S.  iril'l.irv  ac'’”'- tt's  ir..iv  f'ht^iii  «'npirs  e.f  this 
if-.rei  ll y  f^um  DHC.  0*h**r  ipiaJir'ieil  users 
stirill  f'  'joest  Ihro'iy.l. 


*AJ1  ill ‘.’ribut  u'i  this  t-jH-ft  is  i  .'.itrol I e.J.  Qvial- 

iieit  1)(>(  itqurut  tbruu(;)i 


*  .  A  C  I'i  0  .  fj  ■  1‘‘ fl!f  f  1  S  -r I  •;  a;»  Sfio  AT-  •ii 

iT  in  I  hi'  I  I'f  t ,  Kn^er  I  av  i  r .  f  .<  -•  '.i  *  .  ini.ldJ  e  miu.il. 
U  iMlif  .f\,  'V  fai’.'s  aOit  If  -‘f  fi  tv.  ♦  The  nne.i 

*ht  prtrii  .p;  !  author  is  a»'  -«h  s-*lut«*  a  Iinfmee  r.-.^4cf.*fi»rnl. 


I  rh»*  rej.,>rt  .is 

ti.ni  ne  date  appears 


KS,r‘'K  J  DAfK.  Kofi  r  thf  ) 
inoiithi  .  '  iM  Cith.  >»'Hr  I  e 

(Ml  'hr  ."  Pi-r*.  iisi'  lo»e  ».r  pui/a  ,it‘ff> 

7.  i'i.ma:  m  mfiKK  (  f  I*/.' .(.s,  rhe '.'(h.  pngi  * 

f  A-  nofmni  puy  1 1,.,,  >.  n  5  r.n  »'-iuf  ••  v  .  1.  e  ,  1  »it 

d  pay.ts  •  'ntairtiny  1  nt  irreat  1  .m. 


t  nt»  r  the  total  nnmh*  » 


”1  M'MIU  W  01  KK!  I- N<  ' 

rs'ferenrea  *  H'  U  tr  the  i-|  . 

^ll  l'U%rUACl  (iR  (’.KAN  ;•  M'MUKK  if  apiM-prui'f.  *et>t-r 
thr  ut'p:  t<  ihl  1'  f  ue  ljer  j  -  hf  l  i  ;  ru.  :  ,1  i  run*  •in.|*r  v-hn  h 
the  rep  »i  we».  Arttfio 

Hh,  gf  .  tt  A'l-  F'Kt>fK''’T  ■:  MPKK:  f  ftS  i  *»,.  ..ppr  pnaie 
i.ilPur"  vlep  arte- r-nt  mcfMif"  it'.-j  ,  sm.  h  i»s  :>ri»>eit  iniinb*'r. 
subprujret  nun  l*er,  >>s»ei’rf  ei  fier...  tuuk  ruufipef.  '  tf 

he,  ORir,ISATOK*t^  SKI’cR  r  M'VtUURi^:  '  .  the  .ii.. 

i  liU  report  nut'iber  by  a  l'dl*  the  doi  ae.rm  wdl  be  j'l»*»it«|ied 
and  I  onfroKed  ft>  the  riy  ii.i’t'ia  a  ti\ii\.  I'his  lUi'otiei  must 
he  unique  I  •  this  ri  fH-r* 


dh  01HKK  RkPOh  r  NM.'t'h. 

a>ci||if'd  ai  V  -dherie,  r’  'i  lo  >  e 
nr  t*v  'he  sp.iiisof'.  .il  s  ’••ff 


'  l|  Un  rep>*ri  has  h**in 
i-i h'  P  h%  th»  M  lU' 

rit  u  f  .  • »  s  . 


If  the  rep.-rt  )i.  s  I  f  n  furiushf  d  I"  the  Office  v'f  Techrurni 

■•'••'rvtves.  Ih-partT'e' t  *  . 'i.- ; '»i.  it' ri' ij ,  for  s,:)e  t»>  the  puhlic.  mill* 

V  ate  iVi:,  },i(f  ife?  'I'ler  ‘ht  prif  »,  if  kouvin. 

U.  HI  l‘>*i,l.-MKM'AkV  Ni'MvH:  lise  for  adtiitu'iinl  txplaita- 

tor>  JU’1*rs. 

12  HPfJNSOKlNw  Mil. I  i  ARY  AC  riVITY  Enter  the  -mme  of 
th*  .l“p.ir*Ti,:  Mial  pf  iri  '  ‘ff'i  *'  'r  laliotatury  spniiKisri ',pny^ 
iM:  It  rj  !>>•'  r'••:earl'h  .umI  lU--.  eti.piiiopt,  Itu  liide  ixliireiaK 

I  Alt  TRACT.  Kniry  .<n  nh-stnn  '  »;ieinp  a  brief  and  fiii  tunl 
•.iiiiir.i.  ■  1  I  fv  d '1  .ticiii  imlieative  .1  lie'  repi  rt,  even  tJuninh 
it  eor  .at'-  »  .-I'l  «  or  el  •.  e  »■  Mere  in  the  .eidv  at  th''  lechnit  .il  ri» 
p.•'•t  It  ii-ulitioaal  ‘.peco  is  reipured,  (\  oontinuHtton  sheet  shall 
I*'  i'tiach  vl, 

It  il*  tiiuU  !e*^iraf4'  ’hat  »he  al'hiraet  ut  eiaNstl'led  fepnrtu 
fjo  uiu  Uis-  itied,  I'.iii  h  '  f  tin*  i  l)  .triK  t  ‘.hall  end  with 

an  iryheatu  |i  (.1  ftn  mint..rv  seiuiPs  •  lasHihcatien  nf  the  lr> 
fem»»iu*n  M  tfi"  purnpi  nph.  ret're  ?eiu ed  ,»i»  iTH),  (S'/,  (l*h  or  (Ih. 

Th  'f*'  is  Itfidtuli.  T'  mi  tlu  lin^tth  tfie  AbstrArt,  How¬ 
ever,  ihe  .  iKiv  len^t''  IS  fr  • 'I  ISOte  worvis. 

N.  KKV  I^i’K'DS  Kev  woup,  are  t**'  nnicaliy  memunKfiJ  laprna 
«if  shL’ft  pre*avi  h  itiiii  ehuru.  i»ri<e  a  report  itfui  n»av  be  used  as 
Midex  ftiitriis  f-»f  I  a'ali  kvny  tin*  repi»f|.  Key  wnpiis  must  be 
seltvied  t.  I  it'i.i  la  uitN  I  la»>Hi(i(:*ilti>n  is  required.  Idenli- 
ttefs,  sur  h  as  axtutpe. •Ml  inaUel  dmignatieu,  truda  name,  mllilarv 
I  r.'fei  I  |i-  J.O  >qra|<hii  l.'t  ulion,  b^  uSed  a'-  key 

*i**dii  lull  ".ill  iM.  lailowe  t  ti>  in  iiiJMati.'ii  of  leehnn  al  een- 
♦  ffcl.  The  n.vtjpi  i.'ia  .li  liuk^.  n  h-^,  ahd  arights  i*  »’f  lu>nai. 
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